Ochratoxin A (OTA) is nephrotoxic and a potent renal carcinogen. Male rats are most susceptible to OTA toxicity, and chronic administration of OTA (70 and 210 mg/kg bw) for 2 years has been shown to induce high incidences of adenomas and carcinomas arising from the straight segment of the proximal tubule epithelium. In contrast, treatment with a lower dose of 21 mg/kg bw did not result in increased tumor rates, suggesting a nonlinear dose response for renal tumor formation by OTA. Since the mechanism of OTA carcinogenicity is still largely unknown, this study was conducted to investigate early functional and pathological effects of OTA and to determine if sustained stimulation of renal cell proliferation plays a role. Male F344/N rats were treated with OTA for up to 13 weeks under conditions of the National Toxicology Program (NTP) bioassay. Cell proliferation in the renal cortex and outer stripe of the outer medulla (OSOM) was determined using bromodeoxyuridine incorporation and immunohistochemistry. Histopathological examination showed renal alterations in mid-and high-dose-treated animals involving single-cell death and prominent nuclear enlargement within the straight proximal tubules. Treatment with OTA at doses of 70 and 210 mg/kg bw led to a marked dose-and time-dependent increase in renal cell proliferation, extending from the medullary rays into the OSOM. No effects were evident in kidneys of low-dose-treated animals or in the liver, which is not a target for OTA carcinogenicity. A no observed effect level in this study was established at 21 mg/kg bw, correlating with the dose in the NTP 2-year bioassay that did not produce renal tumors. The apparent correlation between enhanced cell turnover and tumor formation induced by OTA indicates that stimulation of cell proliferation may play an important role in OTA carcinogenicity and provides further evidence for an epigenetic, thresholded mechanism.
Ochratoxin A (OTA) (N-{[(3R)-5-chloro-8-hydroxy-3-methyl-1-oxo-7-isochromanyl]-carbonyl}-3-phenyl-L-alanine) is an ubiquitous mycotoxin and natural food contaminant, which occurs in a variety of food items including cereals, wine, beer, grapes, and coffee. Due to its presence in food, humans are chronically exposed to OTA with mean daily intakes estimated to range between 2 and 3 ng/kg bw/day for the average adult consumer and 6 and 8 ng/kg bw/week for high consumers within the European Union member states (EFSA, 2006; SCOOP, 2002) . OTA is nephrotoxic in all animal species tested and has in the past been suspected of being involved in the pathogenesis of endemic nephropathy, a chronic tubulointerstitial kidney disease which occurs in geographically limited areas of the Balkan region and is associated with an increased risk for the development of urothelial cancers. In rodents, OTA is also a potent renal carcinogen, with male rats being most susceptible to renal tumor formation by OTA. In a 2-year carcinogenicity bioassay, relatively low doses of OTA (70 and 210 lg/kg bw) were shown to induce high incidences of renal adenomas and carcinomas in male F344 rats (NTP, 1989) . In contrast, treatment with a low dose of 21 lg/kg bw did not result in increased tumor rates. Tumors in rats develop from the straight segment of the proximal tubule (P3) in the outer stripe of the outer medulla (OSOM), the target site of OTA nephrotoxicity, and are characterized by an unusual, aggressive phenotype and high potential to metastasize (Boorman et al., 1992; NTP, 1989) . Although controversial results regarding mode of action have been published, increasing evidence suggests that OTA is not a mutagenic, DNA-reactive carcinogen. Considering the lack of evidence for the existence of specific OTA-DNA adducts, the nonlinear dose response for tumor formation in the rat and the conclusion that nephrotoxicity appears to be the most sensitive end point for OTA toxicity, the European Food Safety Authority (EFSA) Scientific Panel on Contaminants in the Food Chain applied a threshold approach for OTA risk assessment and established a tolerable weekly intake of 120 ng/kg bw, which corresponds to a safety factor of 1300 applied to the no observed effect level (NOEL) for OTA carcinogenicity in male rats (EFSA, 2006) . However, the molecular events leading to nephrotoxicity and renal tumor formation by OTA are still poorly understood.
Over the last 30 years, several epigenetic mechanisms potentially involved in OTA toxicity and carcinogenicity have been proposed, including inhibition of protein synthesis, mitochondrial toxicity, modulation of cell signaling, and oxidative stress (Schilter et al., 2005) . Recently, OTA was found to alter expression of a battery of genes regulated by the transcription factor NF-E2 p45-related factor 2 (Nrf2), known to be involved in detoxification and antioxidant defense (Marin-Kuan et al., 2006) . Disruption of Nrf2 activity and subsequent reduction of Nrf2-dependent gene expression was evident in kidneys, but not livers, of treated animals, suggesting that reduction of antioxidant defense may be involved in OTA nephrocarcinogenicity (Cavin et al., 2007) . DNA strand breaks suggestive of oxidative DNA damage were also detected in rat kidney in response to OTA treatment using the comet assay, while other markers of oxidative stress, such as protein carbonyls and lipid peroxidation end products, were not elevated (Kamp et al., 2005; Mally et al., 2005a,b) . However, in contrast to disruption of the Nrf2 pathway, oxidative DNA damage was also consistently detected in liver, which is not a target for OTA carcinogenicity (Kamp et al., 2005; Mally et al., 2005a) . Considering the apparent lack of target organ specificity, the contribution of oxidative stress to renal tumor formation by OTA remains unclear.
For many carcinogens that act via an indirect, epigenetic mechanism, a close correlation between stimulation of cell division and tumorigenesis is well established (Alden, 2000; Klaunig et al., 2000; Lutz et al., 1997) . In the kidney, cytotoxicity to proximal tubule cells may trigger regenerative cell proliferation, which may cause tumor induction. A major role for cytotoxicity and compensatory cell proliferation has been demonstrated for several renal carcinogens which bind to a 2l -globulin (Dietrich and Swenberg, 1991b; Dill et al., 2003; Prescott-Mathews et al., 1997) . However, Rasonyi et al. (1999) demonstrated that accumulation of the male rat-specific urinary protein a 2l -globulin and associated stimulation of regenerative cell proliferation does not occur in response to OTA treatment (1 mg/kg bw for seven consecutive days) and thus does not appear to be responsible for the higher susceptibility of male rats to OTAinduced tumor formation. In contrast, treatment with 0.5-2 mg OTA/kg bw for 2 weeks resulted in a small but significant and dose-dependent increase in the expression of proliferating cell nuclear antigen (PCNA) in the kidney, but not in the liver, indicating that OTA may enhance renal cell turnover (Mally et al., 2005b) . However, these short-term studies were conducted at relatively high dose levels, and a detailed analysis of early changes induced by OTA under conditions of the National Toxicology Program (NTP) carcinogenicity bioassay has not been performed. Therefore, this study was conducted to investigate the functional and pathological effects of OTA in male rats, which are most susceptible to OTA toxicity, and to determine if sustained stimulation of renal cell proliferation might play a role in the mechanism of OTA carcinogenicity.
MATERIALS AND METHODS
Chemicals. OTA ; 99% purity) was purchased from Axxora, Grünberg, Germany (batch no. L16528/a). Corn oil and 5-bromo-2#-deoxyuridine (BrdU) were from Sigma, Taufkirchen, Germany. All other chemicals were from Roth, Karlsruhe, Germany.
Animals. Male F344/N rats (6-7 weeks old) were purchased from HarlanWinkelmann, Borchen, Germany. Animals were housed in groups of five in Macrolon cages and allowed free access to pelleted standard rat maintenance diet (SSNIFF, Soest, Germany) and tap water. Room temperature was maintained at 22 ± 2°C with a relative humidity of 55 ± 10% and a day/night cycle of 12 h. Food and water consumption were determined weekly. Body weight measurements were conducted twice weekly. All animals were observed twice daily for clinical signs of toxicity. Dose formulation. OTA dosing solutions were prepared weekly or every 2 weeks (see NTP, 1989) . OTA was weighed and dissolved in an appropriate volume of corn oil by sonication. The homogeneity of OTA in the corn oil solution was checked with an ultraviolet lamp prior to dosing and dilution with more corn oil for the lower doses.
Study design. Following a week of acclimatization, rats (five per group) were administered OTA dissolved in corn oil at doses of 0, 21, 70, or 210 lg/kg bw by gavage for 14, 28, or 90 days, 5 days/week. For cell proliferation studies, osmotic minipumps (ALZET, 2ML1, flow rate 9.8 ll/h; Charles River Laboratories, Sulzfeld, Germany) containing 2 ml of a sterile solution of BrdU (15 mg/ml in phosphate-buffered saline, pH 7.4) were sc implanted into animals under ketamine (90 mg/kg bw, ip)/xylazine (10 mg/kg bw ip) anesthesia 1 week prior to necropsy. The animals were housed separately after the insertion of the pumps. For urine collection, animals were transferred into metabolic cages 48 h prior to necropsy. Animals were fasted for 20 h but allowed free access to drinking water. An aliquot of urine was immediately used for clinical chemistry analyses. The remaining urine was aliquoted and stored at ÿ 20°C until further analysis. After urine collection, blood samples were drawn from the retro-orbital plexus under light isoflurane anesthesia. Samples for hematology were collected into EDTA tubes, and clinical chemistry samples were collected into heparinized tubes. Both urine and blood samples were transferred on ice to RCC (Füllinsdorf, Switzerland) for clinical biochemistry, urine analysis, and hematology. Animals were killed by CO 2 asphyxiation, and blood was collected by cardiac puncture into heparinized tubes for determination of OTA concentrations. Blood samples were centrifuged, and plasma was stored at ÿ 20°C. Organs (liver, kidney, spleen, and bladder) were removed and weighed. Kidneys were cut longitudinally. One half of the right kidney, an aliquot of the liver, and all other organs were fixed in 10% neutral buffered formalin for histological evaluation. The remaining parts of kidneys and livers were aliquoted, flash frozen in liquid nitrogen, and stored at ÿ 80°C.
Determination of OTA in tissues and plasma. Aliquots of frozen tissue (200-400 mg) were homogenized in four volumes of ice-cold 50mM sodium phosphate buffer, pH 6.5. Proteins were precipitated by addition of an equal volume of ice-cold ethanol and centrifugation at 15,800 3 g at 4°C for 30 min. Plasma samples were mixed with an equal volume of ice-cold ethanol and centrifuged at 15,800 3 g at 4°C for 30 min to precipitate proteins. The resulting supernatant was either diluted with H 2 O or injected directly into the liquid chromatography/mass spectrometry/mass spectrometry (LC/MS/MS) system. Determination of OTA by LC/MS/MS was performed as previously described (Mally et al., 2005b; Zepnik et al., 2003) .
Urine analysis and clinical chemistry. Standard parameters in plasma were determined at RCC on a Hitachi 917 analyzer (Roche Diagnostics, Rotkreuz, Switzerland) using standard protocols for the determination of these parameters according to the manufacturer's instructions. Urine analysis was performed using a Miditron semiautomated urine chemistry analyzer and reagent test strips (Roche Diagnostics). Specific gravity and osmolality of urine samples were determined using a Clinical Refractometer SU-202 (Kernco Instruments, El Paso, TX) and an Osmometer Fiske Type 2400 (IG Instrumenten-Gesellschaft, Zurich, Switzerland).
Hematology. Hematological analyses were performed at RCC using an ADVIA 120 Hematology System (Bayer Healthcare, Zurich, Switzerland) and Histopathology. One half of the right kidney and a sample of the left liver lobe were fixed in 10% neutral buffered formalin and subsequently embedded in paraffin. Sections were stained with hematoxylin and eosin for histopathological assessment by two independent pathologists.
Cell proliferation. Cell proliferation in livers and kidneys was assessed using the BrdU technique, which determines the rate of DNA synthesis. BrdUpositive cells in kidney and liver were visualized on formalin-fixed paraffinembedded sections by using the BrdU in situ detection kit (BD Biosciences, Heidelberg, Germany) according to the manufacturer's instructions.
Cell proliferation was determined by light microscopic counts of proximal tubule cells which acquired brown nuclear staining per unit area of renal cortex and OSOM. On each section, 10 randomly selected fields of view at 3200 magnification were counted. For renal cortex, fields were chosen to avoid medullary rays. In the liver, BrdU-positive cells were determined in 20 fields of view at 3200 magnification.
Statistical analysis. Data are expressed as mean ± SD of five individual animals. Statistical analyses were performed using one-way ANOVA followed by Dunnett's test or Kruskal-Wallis followed by the Steel test. A p value < 0.05 was considered statistically significant.
RESULTS

Concentration of OTA in Plasma and Tissues
Consistent with previous reports, low concentrations of OTA (0.036 ± 0.026 lM; 0.026 ± 0.013lM; 0.023 ± 0.011 lM after 14, 28, and 90 days, respectively) were detected in plasma but not in tissues of control animals. Treatment with OTA resulted in a time-and dose-dependent increase in OTA concentrations in plasma, kidney, and liver ( Fig. 1) . After 90 days, OTA plasma concentrations in the mid-and low-dose-treated group appeared to reach a steady-state level of~0.64lM for the 21 lg/kg bw group and 2.34 lM for the 70 lg/kg bw group. In contrast, OTA plasma concentrations continued to increase in the high-dose-treated group, reaching 7.42 lM after 90 days. Consistent with previous findings (Mally et al., 2005b) , similar OTA concentrations were detected in liver and kidney 24 h after the final dose of OTA at all time points. Tissue concentrations appeared to reach a steady state in low-dose-treated animals but continued to rise in the mid-and high-dose-treated groups until the end of the study.
Body and Organ Weight
No clinical signs of toxicity were observed throughout the study. OTA treatment had no effect on food and water consumption, and no differences in body weight gain and relative organ weight of liver and spleen were evident in OTAtreated animals compared to controls (Table 1 ). In contrast, kidney weight was significantly reduced in a time-and dosedependent manner (Table 1) .
Clinical Chemistry and Urine Analysis
No signs of nephrotoxicity were evident by serum clinical chemistry and urine analysis (Table 2 and supplementary data) except for a small but statistically significant increase in lysosomal N-acetyl-b-D-glucosaminidase activity in urine and increased serum creatinine in high-dose-treated animals, indicating mild impairment of kidney function after continuous treatment with high doses of OTA. In contrast to most nephrotoxic agents which target the proximal tubule, urinary activity of the brush-border enzyme c-glutamyl transferase (GGT) was reduced after treatment with 70 or 210 lg/kg OTA. In addition, a dose-dependent increase in urinary erythrocyte and leucocyte number, possibly indicative of damage to the kidneys or urinary tract, was observed in mid-and high-dosetreated animals. Interestingly, treatment with 70 or 210 lg/kg OTA for 13 weeks resulted in a small but significant increase in plasma calcium, which was also associated with a decrease in urinary calcium concentrations. Consistent with previous studies (Mally et al., 2005b; NTP, 1989) , administration of OTA did not result in increased activities of serum toxicity marker enzymes indicative of liver damage. However, 28-day treatment with OTA led to a slight decrease in alkaline phosphatase activity which persisted until the end of the study. Inconsistent changes were observed with some of the other parameters measured, such as serum potassium or triglycerides, but these were not considered to be compound related due to the lack of dose response. (Detailed clinical chemistry data are provided as supplementary data.)
Hematology
Only minor differences in blood counts of OTA-treated animals versus controls were observed. Rats treated with 70 or 210 lg/kg OTA showed decreased numbers of reticulocytes after 4 weeks, but this effect was not detected after 90 days. In contrast, leucocytes were increased in a dose-related manner after 4 weeks. This effect was also evident after 13 weeks, albeit to a lesser extent. Differential leukocyte counts suggested a dose-dependent decrease in neutrophils and eosinophils along with a concomitant increase in lymphocytes and large unstained cells that could not be identified by standard hematological analyses. (Data are provided as supplementary data.) Histopathology OTA produced renal alterations involving single-cell death of lining cells, initially in the proximal part of the straight proximal tubules (S3) in the OSOM and medullary rays, and prominent nuclear enlargement, presumably through inhibition of cytokinesis (Fig. 2 ). There were signs of regeneration of tubular epithelium in the form of tubular basophilia at locations where apoptosis/degeneration was recorded. Despite cell proliferation occurring to replace cell loss in the affected tubules, simple tubule hyperplasia did not appear to be a component of the response. The lesions progressed with increasing dose and with time. Kidneys of rats treated with 70 lg/kg bw for 2 weeks were generally indistinguishable from kidneys of controls. However, minimal to faint basophilia involving S3 tubules was evident in the cortical medullary rays and outer part of the OSOM after 28 and 90 days. Affected tubules showed minimal (28 days) to moderate (90 days) lining cell degeneration in the form of condensed cells with dense eosinophilic cytoplasm and contracted nuclei, appearing to be detached into the tubule lumen. There was also minimal (28 days) to mild (90 days) nuclear variability, implying a slight increase in nuclear size scattered through affected tubules and an increase in mitotic figures. The same histopathological changes were evident as early as 2 weeks after treatment with 210 lg OTA/kg bw. After 28 and 90 days, irregular areas of faint tubule basophilia in the outer OSOM increased in size and extended into the deeper OSOM and medullary rays. Enlarged nuclei and nuclei categorized as karyomegaly, possibly representing octaploid (or greater) cells, were scattered through the affected tubules. Degenerated cells remained present but were not as frequent after 90 days as at earlier time points. In contrast to the midand high-dose-treated group, kidneys of animals treated with 21 lg/kg bw were indistinguishable from kidneys of controls at all time points, establishing 21 lg/kg bw as a NOEL for nephrotoxicity in this study. There was no effect of OTA on rat livers, except for morphological variations reflecting changes in glycogen status.
Proliferation
Repeated administration of OTA at doses of 70 and 210 lg/kg bw resulted in a marked time-and dose-dependent, target organ-specific increase in cell proliferation in the kidney. In control and low-dose-treated animals, the pattern of dividing tubular epithelial cells in the proximal OSOM and cortex was random, and proliferation decreased over time as a consequence of maturation. The pattern and frequency of staining in low-dose-treated animals (21 lg/kg bw) were not distinguishable from those of the kidneys of controls at the equivalent time points. In contrast, administration of 70 or 210 lg/kg OTA led to a definite change in the labeling pattern from controls, consisting of scattered individual or clusters of P3 tubules in the proximal OSOM and medullary rays with multiple nuclei labeled (Fig. 3) . The size of these clusters increased over time. At the same time, a reduction of cortical staining (apart from the medullary rays) compared to kidneys of controls was observed. Quantification of BrdU-positive cells in the proximal OSOM demonstrated highly significant changes in cell proliferation after 4 and 13 weeks in response to 210 and 70 lg/kg bw OTA (Fig. 4) . In contrast, a dose-and time-dependent decrease in cell proliferation was evident in the cortex (Fig. 4) . No increase in cell proliferation was measured in the 21-lg/kg group or in the liver, which is not a target for OTA carcinogenicity (Fig. 5) .
DISCUSSION
OTA is one of the most potent renal carcinogens studied to date (Lock and Hard, 2004) but the mechanism by which OTA induces tumors in rats still remains unsolved. To obtain a better understanding of the early structural and functional changes which occur in rat kidney under conditions of carcinogenesis, male F344 rats, which are most susceptible to renal tumor formation by OTA, were treated with OTA for up to 90 days using a dosing regimen identical to the NTP 2-year bioassay (NTP, 1989) . In addition to histopathological analysis and routine measurement of markers of kidney injury, stimulation of cell proliferation as a potential epigenetic mechanism of tumorigenesis was determined in kidney and liver of OTAtreated animals.
Early effects of OTA treatment observed in this study consisted of cell loss accompanied by increased cell proliferation and prominent nuclear enlargement within the straight segment of the proximal tubule epithelium (P3) in the OSOM, from which OTA-induced tumors arise (JECFA, 2001) . In contrast, none of these effects were observed in the OTA TOXICITY AND RENAL CELL PROLIFERATION 293 liver throughout the study. The marked increase in renal cell proliferation is consistent with previous results, which showed increased expression of PCNA in kidney but not liver of rats treated with up to 2 mg/kg bw OTA (Mally et al., 2005b) . Although Rasonyi et al. (1999) did not observe changes in renal cell proliferation following treatment with OTA, it is possible that the shorter treatment period (7 days), albeit at higher doses as compared to the present study (1 mg/kg bw vs. 70 and 210 lg/kg bw), might have been insufficient to trigger a proliferative response.
It is well established that cell proliferation is a critical step within the complex, multistage process of carcinogenesis, causing conversion of DNA damage into mutations and clonal expansion of initiated cells (Dietrich and Swenberg, 1991a; Lutz, 1990) . Sustained induction of cell proliferation may also FIG. 3 . OTA-induced cell proliferation in kidneys of male rats treated with 0 (a, b), 21 (c, d), 70 (e, f), and 210 (g, h) lg/kg bw OTA for 90 days. BrdUpositive cells were visualized on formalin-fixed paraffin-embedded sections by using an anti-BrdU antibody. Clear changes in the frequency and pattern of BrdU labeling are evident in the OSOM of animals treated with 70 (e, f) or 210 (g, h) lg/kg bw OTA as compared to controls (a, b) and low-dose-treated animals (21 lg/kg bw) (c, d). Stimulation of cell proliferation was restricted to the OSOM and medullary rays. Magnification: 3100 (a, c, e, g); 3200 (b, d, f, h).
FIG. 4.
Quantification of BrdU-positive cells in renal OSOM and cortex of rats treated with 0, 21, 70, or 210 lg/kg bw OTA. Repeated administration of 70 or 210 lg/kg bw OTA resulted in a strong increase in BrdU-positive cells in the renal OSOM. In contrast, a dose-dependent decrease in cell proliferation was evident in the cortex after treatment for 90 days. Data are presented as mean ± SD (n ¼ 5 animals per group). Statistical analysis was performed by ANOVA þ Dunnett's post hoc test. Statistically significant changes compared to controls are indicated as *p < 0.05, **p < 0.01, and ***p < 0.001. contribute to carcinogenesis through inhibition of DNA repair (Butterworth and Bogdanffy, 1999) . Independent of their primary mechanism, stimulation of cell proliferation is a common feature of many nongenotoxic carcinogens (Alden, 2000; Klaunig et al., 2000) . In principle, chemicals which induce tumor formation through modulation of cell proliferation can be divided into two subclasses, mitogens and cytotoxicants (Jones et al., 1996; Klaunig et al., 2000) . In the kidney, many nongenotoxic carcinogens are thought to act via stimulation of compensatory cell proliferation to replace cell loss caused by (direct or a 2l -globulin mediated) cytotoxicity (Lock and Hard, 2004) .
However, OTA does not cause a 2l -globulin accumulation (Rasonyi et al., 1999) , and although administration of OTA at doses of 70 and 210 lg/kg bw for up to 90 days resulted in a time-and dose-dependent decrease in relative kidney weight and single-cell degeneration within the straight segment of the proximal tubule, only minor changes in clinical chemistry parameters indicative of nephrotoxicity were observed. This was also evident by a decrease in urinary GGT activity in response to the 90-day OTA treatment, which is in apparent contrast to other nephrotoxins that target the proximal tubule and normally cause release of brush-border enzymes through damage to the tubule epithelium. Similar effects on GGT activity were previously reported in OTA-treated pigs (Krogh et al., 1988) and may be due to loss of brush-border and reduced expression of GGT in response to OTA.
Moreover, simple tubule hyperplasia, which frequently occurs in response to nephrotoxins that produce sustained cytotoxicity and compensatory regeneration, does not appear to be a feature of OTA-induced kidney pathology under conditions of carcinogenicity. In contrast, the frequency and early onset of karyomegaly appear to be unique to OTA even though sporadic nuclear enlargement is occasionally recorded in regions affected by tubule cell injury/regeneration following chronic treatment with nongenotoxic/cytotoxic renal carcinogens, such as chloroform and trichlorethylene (Lock and Reed, 2006; Mally et al., 2006b; Templin et al., 1996) . Increased nuclear size is indicative of blocked nuclear division during mitosis and subsequent inhibition of cytokinesis. Disruption of cell division, leading to the production of polyploid nuclei instead of simple tubule hyperplasia, may provide a potential explanation for the apparent disparity between kidney pathology induced by OTA compared to other nephrotoxins, and one might even speculate that aberrant mitosis may represent the principle cause of cell degeneration and subsequent trigger for cell proliferation.
Abnormal mitotic figures and formation of giant cells were detected both in vitro (Rached et al., 2006; Steyn et al., 1975) and in vivo (Boorman et al., 1992; Maaroufi et al., 1999; Mally et al., 2005b) after OTA treatment. Although the contribution of these aberrant cells to renal tumor formation by OTA remains to be determined, it is well established that polyploid cells are genetically unstable and constitute potential tumor precursors (Storchova and Pellman, 2004) . Normally, these cells are held in a quiescent state and do not undergo mitosis (Storchova and Pellman, 2004) . However, checkpoint override and uncontrolled cell division may occur in the presence of strong mitogenic stimuli, as might be the case following OTA treatment. This is supported by the observation that enlarged nuclei were labeled by BrdU, indicating multiple rounds of DNA synthesis in the absence of cytokinesis. Although the molecular events leading to disruption of mitosis in kidney tubule cells exposed to OTA have not been identified, the marked proliferative response to OTA and concomitant presence of mitotic abnormalities suggest that the mechanism of OTA carcinogenicity involves disruption of complex signaling pathways which control entry and progression of the cell cycle.
There is some evidence to suggest that OTA may mediate some of its effects by altering intracellular Ca 2þ homeostasis (Dopp et al., 1999; Hoehler et al., 1996; Khan et al., 1989; Mally et al., 2006a) . In human kidney epithelial cells, OTA was shown to stimulate cell proliferation by interfering with intercellular Ca 2þ (Benesic et al., 2000) . Dopp et al. (1999) signaling affect cell function, it is well established that intracellular Ca 2þ signals play an important role in the regulation of cell growth and proliferation (Munaron et al., 2004; Santella et al., 2005) . Thus, it is possible that disruption of calcium homeostasis may lead to disruption of cell cycle control and/or serve as a trigger for cell proliferation in rat kidney. Interestingly, treatment with 70 or 210 lg/kg bw OTA for 90 days resulted in a significant increase in plasma Ca 2þ concentrations, together with a small, although not statistically significant decrease in urinary Ca 2þ . Disruption of Ca 2þ homeostasis in rat kidney by OTA is further supported by a recent microarray analysis, which demonstrates changes in the expression of genes involved in calcium signaling, including regucalcin (Luhe et al., 2003; Marin-Kuan et al., 2006) . In these studies, OTA was also found to alter expression of genes associated with mitogenic growth factor signaling, such as insulin-like growth factor-1, insulin receptor, and GTPbinding protein. and/or regulators of Ca 2þ homeostasis. Irrespective of the primary mechanisms leading to altered tubule cell growth in response to OTA, the early effects on cell replication in the absence of significant changes in renal function indicate that stimulation of cell proliferation may be a critical event involved in renal tumor formation by OTA. Moreover, the fact that OTA triggers cell division specifically in the kidney, the target organ of OTA carcinogenicity, at the specific target site, the straight segment of the proximal tubules, suggests a close link between enhanced cell proliferation and OTA carcinogenicity. This is further supported by the very tight correlation between tumor incidence (NTP, 1989) and cell proliferation in the OSOM (Fig. 6) .
In this study, no significant differences between OTA concentrations in kidney (target) and liver (non-target) were evident at terminal sacrifice. Although we cannot exclude that higher peak concentrations may occur in kidney or that OTA may accumulate in specific cell types within the kidney from which tumors arise (i.e., the S3 segment), these findings are in line with previous results after repeated administration of OTA at doses up to 2 mg/kg bw (Mally et al., 2005b) . Consistent with the similar degree of OTA accumulation in both organs, DNA breakage indicative of (oxidative) DNA damage has been detected in target (kidney) and non-target (liver) tissues of rats continuously exposed to OTA using the comet assay in the presence of formamidopyrimidine-DNA glycosylase, which is known to convert oxidative DNA base modifications, particularly 8-oxo-7,8-dihydro-2#-deoxyguanosine, into strand breaks (Mally et al., 2005b) . The apparent lack of target organ specificity for oxidative DNA damage suggests that oxidative stress is not a major event in OTA carcinogenicity, although it is possible that renal tumor formation in rats may occur as a result of (oxidative) DNA lesions combined with a sustained increase in cell proliferation, serving to convert DNA damage into permanent mutations. However, the significance of cell proliferation compared to oxidative stress is underscored by the fact that oxidative DNA damage, but not cell proliferation, was shown to occur in rats treated with extremely low doses of OTA, which do not cause tumor formation (Kamp et al., 2005) .
In conclusion, the close correlation between enhanced cell turnover and tumor formation induced by OTA provides further evidence for an epigenetic, thresholded mechanism of OTA carcinogenicity. The apparent threshold implies that there is a dose below which no adverse health effects are expected to occur. In this study, 21 lg/kg bw OTA was clearly established as a NOEL for both kidney pathology and renal cell proliferation. While OTA is known to accumulate in lipid-rich organs due to its lipophilicity and long plasma half-life, the lack of effects at this dose suggests that the critical tissue concentration for OTA toxicity is not reached under these conditions. Indeed, determination of OTA concentrations in kidney showed that repeated administration of 21 lg/kg bw OTA resulted in a steady state between uptake, distribution, and elimination, while OTA tissue concentrations continued to rise in the mid-and high-dose-treated groups. It is important to note that plasma concentrations in rats treated with 21 lg/kg bw for 90 days did not exceed 0.64lM, which is still a factor of 200-1400 higher than mean OTA plasma concentrations in humans resulting from dietary exposure to OTA (0.18-1.19 ng/ml corresponding to 0.45-2.95nM) (SCOOP, 2002) . Based on food consumption data and OTA serum concentrations, it appears that human exposure-even in areas with relatively high dietary exposure to OTA such as endemic villages-is several orders of magnitude below doses known to cause adverse effects in laboratory animals. Detailed clinical chemistry and hematology data of the 90-day oral toxicity study on ochratoxin A in male F344/N rats are available online at http://toxsci.oxfordjournals.org/.
